Introduction
Te rminal vicinal diols are important chiral building blocks and intermediates for the synthesis of natural products, agrochemicals and pharmaceuticals.
[1] Therefore, many synthetic methods have been developed for the preparation of optically pure vicinal diols.F or example, organometallic complexes have been used to catalyzet he asymmetrich ydrogenation of a-hydroxy acetophenone to give optically active 1-phenyl-1,2-ethanediol, [1b, 2] although the chemical reduction neededh igh temperature, high pressure of hydrogen, oxygen-free operation and alkaline reactionc onditions under which the substrate was less stable. [3] Several biocatalytic methods for the preparation of 1,2-diols have also been developed. Stereospecific dihydroxylation of styrene catalyzed by naphthalene dioxygenase afforded (R)-1-phenyl-1,2-ethanediol with 78.6 % ee. [4] Racemic 1-phenyl-1,2-ethanediol was enantioselectively oxidized by glycerold ehydrogenase, resulting in itsr esolution, but the oxidation product a-hydroxy acetophenone strongly inhibited the enzyme activity. [5] With whole-cell Brevibacteriuml utescens CCZU12-1 as the catalyst, (R)-1-phenyl-1,2-ethanediolw as oxidized to (R)-mandelic acid leaving (S)-1-phenyl-1,2-ethanediol intact with 99 % ee at as ubstrate concentration of 50 mm. [6] Lipase-catalyzed transesterification of 1-phenyl-1,2-ethanediol has also been conducted;u nder the reported conditions, am ixture of monoester,d iester and unreacted 1-phenyl-1,2-ethanediol with low ee was obtained. [7] Enantioselective conversion of racemic 1-phenyl-1,2-ethanediol to (S)-1-phenyl-1,2-ethanediol by Candida parapsilosis has been shown to give high yield and ee, but the reactionw as performed at low substrate concentration. [8] Enantioselective carbonyl reductases have been successfully used in the reduction of terminal a-hydroxy alkyl carbonyl compounds.
[9] However,t he bioreduction has been usually carried out at low substrate concentration with al arge amount of cofactor.Ina neffort to develop ap ractical methodfor the synthesis of optically pure vicinal diols, we screened the reductases available in our laboratory; Candida magnolia carbonyl reductase( CMCR), which belongs to the short-chain dehydrogenasef amily, [10] was found to show excellent reactivity and stereoselectivity towardt he reductiono fa-hydroxyk etones. Furthermore, we demonstrated the efficient asymmetric synthesis of (S)-1-phenyl-1,2-ethanediola st he model compound at high concentration withouta ddition of an external cofactor.
Te rminal vicinal diols are important chiral building blocks and intermediates in organic synthesis. Reductiono fa-hydroxy ketones provides as traightforwarda pproacht oaccess these important compounds. In this study,ithas been found that asymmetric reduction of as eries of a-hydroxy aromatic ketones and 1-hydroxy-2-pentanone, catalyzed by Candida magnolia carbonyl reductase (CMCR) with glucosed ehydrogenase (GDH) from Bacillus subtilis for cofactor regeneration, afforded 1-aryl-1,2-ethanediols and pentane-1,2-diol, respectively,i nu pt o 99 % ee.I no rder to evaluate the efficiency of the bioreduction, lyophilized recombinant Escherichia coli whole cells coexpressing CMCR and GDH genes were used as the biocatalyst and a-hydroxya cetophenone as the model substrate, and the reaction conditions, such as pH, cosolvent, the amount of biocatalyst and the presences of ac ofactor (i.e.,N ADP + ), were optimized.U nder the optimized conditions (pH 6, 16 h), the bioreductionp roceeded smoothly at 1.0 m substrate concentration withoutt he externala ddition of cofactor,a nd the product (S)-1-phenyl-1,2-ethanediol wasi solated with 90 %y ield and 99 % ee.T his offers ap ractical biocatalytic method for the preparation of these important vicinal diols.
Results and Discussion
When the reductases availablei no ur laboratory weres creened by using a-hydroxy acetophenone as the substrate, CMCR showedh igh activity and enantioselectivity (Table 1 ). The reactivity and enantioselectivity of CMCR fort he reduction of phenyl-substituted a-hydroxy acetophenones and 1-hydroxy-2-pentanone were then studied (Figure 1 ).
The results are presented in Ta ble 2. It can be seen that CMCR effectively catalyzed the reduction of various substituted a-hydroxya cetophenones. The substituent at the phenyl ring exerteds ome effect on the specific activity.E lectron-donating substituents such as CH 3 or OCH 3 decreased the specific activity,w hile electron-withdrawing substituents increased the specific activity comparedw ith unsubstituted substrate. Among the tested substrates, 4'-bromo a-hydroxya cetophenone showedt he highest specific activity.T his pattern is consistent with the observed activity tendency of CMCR toward the reductiono fa cetophenones with 4'-substituenta tt he phenyl group. [11] The position of the substituent at the phenylr ing also affected the enzymea ctivity,w ith activity increasing in the order of 2' < 3' < 4' for the chloro group.The 2'-chloro substituent not only affected the enzymes pecific activity,b ut also the ee value of the product. The Candida parapsilosis carbonyl reductasesS CR1 and SCR3, [9e] whichw ere used for the reduction of a-hydroxy acetophenones, showed detectable activity toward the reduction of 2'-chloros ubstituted substrate, but no detectable activity when the substituent was OCH 3 in the 4'-position. CMCR also exhibited high activity towardt he a-hydroxy aliphatic ketone (j). 1-Hydroxy-2-pentanone was reduced to (S)-pentane-1,2-diol, which is the key intermediate of triazole fungicide propiconazole. [12] The substituent at the a-position of acetophenone also dramatically affected the specific activity.W hen the a-position was substituted by hydroxy group, CMCR showed nearly 100-fold higher (3. ), the substituent showed positive effect but less than an OH group. The ee values of the products all reached9 9%. [11, 14] Considering the low solubility of the aromatic substrates in aqueous solution, methanol, ethanol, isopropanol, tetrahydrofuran (THF), 1,4-dioxane, dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), ethyl acetate, butyl acetate, acetone,t oluene weres creeneda sc osolventf or the reduction of a-hydroxy acetophenone by CMCR. The results showedt hat in the reactionm edia with DMSO or butyl acetate as the cosolvent, a-hydroxya cetophenone was completely reduced in 6h,w hile the conversions with other cosolvents were not finished as detected by TLCa nalysis. As such, DMSO was chosen as the cosolventf or the reductions of various phenyl-substituted a-hydroxy acetophenones on a5 0mLs cale with as ubstrate concentration of 50 mm (except 1-hydroxy-2-pentanone with ac oncentration of 100 mm). The glucose dehydrogenase (GDH) from Bacillus subtilis was used for the regeneration of NADPH. As showni nT able 2, the (S)-enantiomers of the corre- [%]
Isolated yield [b] [%] [a] Ketone (6.25 mm), NADPH (0.40 mm)a nd 10 % v/v DMSO in sodium phosphateb uffer (100 mm,1 90 mL). The reaction was initiated by addition of Candida magnolia carbonylr eductase (CMCR)( 10 mLs olutionc ontaining3 .5 UC MCR; 1U is defineda st he enzyme converting 1 mmol of NADPH to NADP + per minute with a-hydroxyacetophenone as the substrate).
[b] For the proceduref or enzymatic reduction of a-hydroxyk etones,s ee the ExperimentS ection.
[c] The configuration was determined by comparison the HPLC retention times with those of standard samples and reported in the literature; [2a, 13] chiralH PLC analyses were performed on aC hiralcel OD-H column.
[d] Sodium phosphate buffer (1 mL, 100 mm, pH 6.5) containing 10 % v/v DMSO, 5mm substrate, 10 mm glucose, 1mm NADP + ,7UC MCR and 4UGDH(1Uis definedast he enzyme converting 1 mmol of NADP + to NADPHp er minute with d-glucose as the substrate) was shakenfor2 4h.T he reactionm ixture was extracted with 1mL EtOAc, and the extract was analyzed by chiral HPLC.
[e] The configuration was determined by the sign of the opticalr otation.
ChemistryOpen 2015, 4,483 -488 www.chemistryopen.org sponding vicinal diol products were isolated in greater than 94 %y ield and9 9% ee after reactionf or 12 h. DMSO was also used as cosolventf or the effectiver eduction of ethyl 2-oxo-4-phenylbutyrate. [15] Using Escherichiac oli cells coexpressing both carbonyl reductasea nd GDH has been provent ob eapractical method for effective cofactor regeneration, [16] even in unconventional media and multistep reactions ystems. [17] This methodc ould decreaseo ra void the external addition of cofactor and simplify the process. In order to demonstrate the applicability of the asymmetricb ioreduction of a-hydroxy acetophenones for the synthesis of optically pure (S)-configured vicinal diols, CMCR and GDH genes were coexpressed in E. coli strain BL21(DE3). The functional expression of both CMCR and GDH genes was confirmed by measuring their activities in cell-free extract, which were 1160 U( 1Uwas defined as the enzymec onverting 1 mmol of NADPH to NADP + per minute with a-hydroxyacetophenonea st he substrate) and 540 U( 1U was defined as the enzyme converting 1 mmol of NADP + to NADPH per minute with d-glucose as the substrate) per gram of lyophilized cells, respectively.T he lyophilized cells as the catalyst were reported, [16c, d, f] and in our experiment, the lyophilized cells were stable for months at 4 8Cw ithoutl osso fa ctivity and used as the biocatalyst.
By monitoring the conversion at different pH by using TLC, it was found that when the reactionm ixture was maintained at pH 6.0, the substrate could be completely reduced in 6h, while at other pH the substrate was still present in the reaction mixture after 6h.A ss uch, pH 6.0 was chosen for subsequent reactions. The results encouraged us to optimize the substrate concentration. The reduction of a-hydroxy acetophenone was conducted at as ubstrate concentrationo f0 .5, 0.75 and 1.0 m. For the reduction of a-hydroxy acetophenone at 0.5 m by 16 mg mL À1 of lyophilized whole cells coexpressing CMCR (93 U) and GDH (43 U), the reactionw as completed in 6hwith addition of 1mm NADP + .W ithouta ddition of the external cofactor,the reactionwas not finisheduntil 24 h. When the quantity of lyophilized cellsw as increased to 32 mg mL À1 (196 UCMCR, 86 UGDH), the reactionw as completed in 12 h withoutt he externala ddition of cofactor.W hen the substrate concentration was enhanced to 0.75 m,t he reaction was completed in 16 h. Further increase of the substrate concentration to 1.0 m resulted in incomplete reduction of a-hydroxya cetophenonew ith the reactiont ime prolongingt o2 4h.H owever, the complete reduction of 1.0 m a-hydroxy acetophenone was achievedb yu sing 50 mg mL À1 lyophilized whole cells (290 UCMCR, 135 UGDH) within 16 hw ithout external addition of the cofactor, optically pure (S)-1-phenyl-1,2-ethanediol was isolated in 90 %y ield. The time courses fort he reduction of ahydroxy acetophenone at substrate concentrationso f0 .75 m and 1.0 m with and withouta ddition of 1mm NADP + are presented in Figure 2 . The results show that the addition of the externalc ofactor dramatically accelerates the initial bioreduction. In the reaction with addition of 1mm NADP + ,the conversion reached 70 %i nt he first 2h.T he biotransformation without additiono fexternalc ofactor became faster in the following 8h.T he optical purity of the product was 99 % ee in all cases.T ot he best of our knowledge,t his is the first example of the bioreduction of a-hydroxy acetophenone without addition of externalc ofactor at such high substrate concentration (136 gL [9f] Withoutt he externala ddition of the cofactor,t he reaction was conducted in 50 mL, the concentration of the substrate was 1.0 m,and the reactionw as could still be completed in 16 h; (S)-1-phenyl-1,2-ethanediol was obtained with 90 %y ield and 99 % ee.
Conclusion
CMCR showede xcellent activity and enantioselectivity toward phenyl-substituted a-hydroxya cetophenones. The electronic effect and steric factor of the substituents on the aromatic ring affected the enzyme activity,b ut exerted minimal effect on the enantioselectivity.A ss uch, CMCR seemed to be ag ood choice of enzyme for the synthesis of optically pure (S)-1-phenyl-1,2-ethanediol and its analogues via the reduction of the corresponding a-hydroxy acetophenones.
To avoid addition of expensiveN ADPH into the reaction system,C MCR and GDH genes were coexpressedi nE. coli. Using lyophilized recombinant E. coli whole cells as the biocatalyst, a-hydroxya cetophenone was reduced in 16 ha tasubstrate concentration of 1.0 m to give (S)-1-phenyl-1,2-ethanediol with 90 %y ield and 99 % ee.T his demonstrated for the first time that the bioreductiono fa-hydroxy acetophenones can proceed smoothly at such high substrate concentration withoutt he addition of an externalc ofactor,o ffering new opportunity for developing scalable biocatalytic processes for the synthesis of optically pure vicinal diols, ac lass of important chemicals for pharmaceutical, agrichemical and materiali ndustries. www.chemistryopen.org
Experimental Section
General:C arbonyl reductase from Sporobolomyces salmonicolor AKU4429 (SSCR), [18] GCY1, Ymr226c and Gre3 from Saccharomyces cerevisiae, [19] PFADH from Pyrococcus furiosus, [20] carbonyl reductase from Candida magnolia (CMCR) and d-glucose dehydrogenase (GDH) [21] were prepared as described previously.S ubstituted a-hydroxy acetophenones and 1-hydroxy-2-pentanone were prepared and purified according to the literature. [22] (S)-1-Phenyl-1,2-ethanediol, (R)-1-phenyl-1,2-ethanediol and all other ketones were purchased from commercial sources, and the cofactors were obtained from F. Hoffmann-La Roche AG. The racemic alcohol standard samples used in HPLC analysis were prepared by reduction of the corresponding ketones with NaBH 4 .N aBH 4 (2 mmol) was added into the ketone (1 mmol) solution in MeOH (10 mL). The reaction mixture was stirred for 30 min at rt. After the solvent was removed, saturated NH 4 Cl solution (10 mL) was added, and the aqueous phase was extracted with ethyl acetate to give the solution of the product. The substrate conversion and product ee values were determined by gas chromatography (GC) analysis using aC P-Chirasil-DEX CB (Varian, USA) after trimethylsilyl (TMS) derivatization (carried out by addition of anhydrous EtOAc (700 mL) and bis(trimethylsilyl)trifluoroacetamide (90 mL) + trimethyl chlorosilane (10 mL) at 60 8Cf or 1h,o rH PLC analysis using aC hiralcel OD-H column (4.6 250 mm;D aicel Co.,J apan). Enzyme activities toward the reduction of ketones were assayed using aS pectraMax M2 microplate reader (Molecular Devices). The 1 HNMR spectra were measured on aB rucker Avance6 00 spectrophotometer using CDCl 3 as the solvent. When the reaction was conducted, NADP + not NADPH was added, because NADPH could be regenerated by GDH and d-glucose.
Activity assay of carbonyl reductase for the reduction of a-hydroxy acetophenone:T he specific activity of purified carbonyl reductase SSCR, GCY1, Ymr226c, Gre3, PFADH, CMCR toward the reduction of a-hydroxy acetophenone in Ta ble 1a nd Ta ble 2w ere determined by spectrophotometrically measuring the oxidation of NADPH at 340 nm (e = 6.22 mm À1 cm
À1
)i nt he presence of an excess amount of ketone. The activity was measured at room temperature in a9 6-well plate, in which each well contained ketone (6.25 mm), NADPH (0.40 mm)a nd 10 % v/v DMSO in sodium phosphate buffer (100 mm,1 90 mL). The reaction was initiated by the addition of the carbonyl reductase (10 mLs olution containing 0.5-20 mgo fe nzyme). The specific activity (U mg À1 )w as defined as the number of micromoles of NADPH converted in 1min by 1mgo f enzyme (mmol·min À1 mg
).
Screening of the cosolvent:S odium phosphate buffer (1 mL, 100 mm,p H6.5) containing 10 % v/v organic solvent (methanol, ethanol, isopropanol, THF,1 ,4-dioxane, DMSO, DMF,E tOAc, butyl acetate, acetone, toluene), substrate (50 mm), glucose (100 mm), NADP + (1.0 mm), CMCR (3.5 U, 1Uwas defined as the enzyme converting 1 mmol of NADPH to NADP + per min with a-hydroxyacetophenone as the substrate) and GDH (4 U, 1U was defined as the enzyme converting 1 mmol of NADP + to NADPH per min with d-glucose as the substrate) was shaken at rt. The process of the reaction was monitor by TLC every 2h.
Enzymatic reduction of a-hydroxy ketones:At ypical procedure for the enzymatic reduction of a-hydroxy ketones was as follows: as olution of a-hydroxy acetophenone in DMSO (5 mL, 0.5 m)w as added to sodium phosphate buffer (100 mm,p H6.5, 45 mL) containing CMCR (70 U), GDH (80 U), NADP + (5 mg), and d-glucose (1.0 g). The reaction mixture was stirred at 30 8Cw ith TLC monitoring from time to time. All the reactions were finished within 6h.
After complete consumption of the substrate, the reaction mixture was saturated with solid NaCl, extracted with EtOAc (3 40mL). The combined organic layers were dried over anhydrous Na 2 SO 4 , filtered and concentrated in vacuo to affordt he optically pure product. The yields and ee values are presented in Ta ble 2. [8b] The ee value was determined after TMS derivation.
Coexpression of CMCR and GDH genes:T he GDH gene was amplified using primers GDH-NcoI-F/GDH-HindIII-R and pET15b-GDH as template. The plasmid pRSFDuet-1-GDH was constructed by inserting GDH between the NcoIa nd HindIII sites of pRSFDuet-1 (Novagen). The CMCR gene was amplified using forward primer CMCR-NdeI-F and reverse primer CMCR-XhoI-R and pET21b-CMCR as template and then ligated into pRSFDuet-1-GDH, to generate the recombinant plasmid pRSFDuet-1-GDH-CMCR (Figure 3) .The recombinant plasmid pRSFDuet-1-GDH-CMCR was transformed into E. coli BL21(DE3). The recombinant plasmid pRSFDuet-1-GDH-CMCR was transformed into the E. coli BL21(DE3) for coexpression of the GDH and CMCR. Single colony was picked into 4mLL uria-Bertani (LB) medium supplemented with 50 mgmL À1 kanamycin at 37 8C and 200 rpm for 10-12 h. Then 1.0 %s eed was inoculated into 2L flasks containing 800 mL of LB medium, and grown at 37 8C, 200 rpm until the OD 600 reached 0.8-1.0, 1.0 mm isopropyl b-d-1-thiogalactopyranoside (IPTG) was added to induce GDH and CMCR expression at 25 8C, 200 rpm for 12 h. Cells were harvested by centrifugation at 4 8Ca nd 5000 rpm for 15 min.
Effect of pH on the reduction of a-hydroxy acetophenone by lyophilized whole cells:Asolution of a-hydroxy acetophenone in DMSO (0.5 mL, 5 m)w as added to sodium phosphate buffer (100 mm,4 .5 mL) containing lyophilized whole cells coexpressing CMCR (93 U) and GDH (43 U), NADP + (1.0 mm), and d-glucose (1.1 m). The reaction mixture was stirred at 30 8C, and the pH of the reaction was maintained at the appropriate level (6.0, 6.5, 7.0 or 7.5) by automatically adding 4 m aq NaOH. The reaction was monitored by TLC analysis every 2h.
Reduction of a-hydroxy acetophenone to (S)-1-phenyl-1,2-ethanediol by lyophilized cells:Asolution of a-hydroxy acetophenone in DMSO (0.5 mL, 5 m,7 .5 m or 10 m)w as added to sodium phosphate buffer (100 mm,4 .5 mL) containing the desired amount of lyophilized whole cells coexpressing CMCR and GDH, NADP + (0 mm or 1.0 mm), and d-glucose (1.1 m,1.65 m or 2.22 m). The reaction mixture was stirred at 30 8C, and the pH of the reaction was maintained at 6.0 by automatically adding 4 m aq NaOH. The reaction was monitored by HPLC analysis. The results are summarized in Figure 2 .
Preparation of (S)-1-phenyl-1,2-ethanediol by lyophilized cells:A solution of a-hydroxy acetophenone in DMSO (5 mL, 10 m)w as added to sodium phosphate buffer (100 mm,4 5mL) containing the desired amount of lyophilized whole cells coexpressing CMCR and GDH (2900 UCMCR, 1350 UGDH), and d-glucose (2.22 m). The reaction mixture was stirred at 30 8C, and the pH of the reaction was maintained at 6.0 by automatically adding 4 m aq NaOH. The substrate was completely consumed after 16 h, and the reaction mixture was then centrifuged (5 000 g for 5min at rt). The solid was washed with EtOAc (2 20mL), and the supernatant was saturated with solid NaCl and extracted with EtOAc (3 40mL). The combined organic extracts were washed with saturated aqueous NaCl solution (40 mL), dried over anhydrous Na 2 SO 4 ,f iltered and concentrated in vacuo to afford optically pure (S)-1-phenyl-1,2-ethanediol (6.2 g, 90 %yield).
